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FOREWORD 
The p r i n c i p a l  con t r ibu to r  t o  Sec t ion  3 of t h i s  r e p o r t  
w a s  A .  Weinstock (Li fe  Sciences Divis ion,  IITRI).  Sec t ion  2 
w a s  prepared i n  c o n s u l t a t i o n  w i t h  T. Owen (Astro Sciences 
Center ) ,  while Sec t ion  4 and the genera l  o rganiza t ion  of the 
r e p o r t  w e r e  developed by D. L, Roberts and C .  A. Stone (Astro 
Sciences Center) .  
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ABSTRACT 
The r e p o r t  d i scusses  t h e  Jovian environment; some of 
t h e  b i o l o g i c a l  systems t h a t  conceivably could evolve under 
such cond i t ions ;  a b r i e f  d i scuss ion  of c u r r e n t  ideas  about t he  
o r i g i n  of  t e r r e s t r i a l  l i f e ;  an assessment of t he  importance of  
J u p i t e r  from a b i o l o g i c a l  point  of view; and, t h e  e f fec t  of 
t h i s  information on the  planning of convent ional  observat ions 
and s p a c e c r a f t  missions t o  the p l ane t  for  purposes o f  sc ien-  
t i f i c  explora t ion .  
It is  concluded t h a t  p r e s e n t l y  a v a i l a b l e  evidence 
j u s t i f i e s  a b i o l o g i c a l  explora t ion  of J u p i t e r  wi th  e a r l y  e m -  
phas is  on the  atmosphere below t h e  clouds.  
The exob io log i s t s '  expectat ions f o r  f ind ing  e x t r a t e r -  
r e s t r i a l  l i f e  i n  the s o l a r  s y s t e m  t r a d i t i o n a l l y  have been 
focused on the inne r  p l ane t s ,  w i th  p a r t i c u l a r  a t t e n t i o n  d i r e c t e d  
a t  Mars. Formerly, i t  w a s  genera l ly  bel ieved t h a t  the  d i s t a n t  
o u t e r  p l ane t s ,  such as J u p i t e r ,  would b e  too co ld ,  and t h a t  
t h e i r  atmospheres might be composed of substances t h a t  were 
in imica l  t o  the  s u r v i v a l  o f  l i f e ,  as i t  i s  known on the  Earth.  
This r e p o r t  i n d i c a t e s  t h a t  t he  former pess imism regard-  
ing the  poss ib l e  ex i s t ence  of l i f e  on J u p i t e r  may no longer be 
j u s t i f i e d .  Although information about the Jovian atmosphere i s  
a t  p re sen t  l imi t ed ,  condi t ions may p r e v a i l  on the  p l a n e t  which 
are compatible wi th  the ex is tence  of a p r i m i t i v e  b i o l o g i c a l  
environment. This assumption i s  supported by some evidence, 
as w e l l  as r e c e n t  t heo r i e s .  
The r e p o r t  d i scusses  t h e  Jovian environment; some of 
the  b i o l o g i c a l  systems t h a t  conceivably could evolve under 
such condi t ions ;  a b r i e f  d i scuss ion  of c u r r e n t  ideas  about the  
o r i g i n  of t e r res t r ia l  l i f e ;  an assessment of t he  importance of 
J u p i t e r  from a b i o l o g i c a l  point  of view; and, t he  e f f e c t  of 
t h i s  information on the planning of convent ional  observat ions 
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and s p a c e c r a f t  missions t o  the p l a n e t  f o r  purposes of s c i en -  
t i f i c  explora t ion .  
A s  ideas  about  t he  o r i g i n  of l i f e  on the  Ear th  have 
become more s o p h i s t i c a t e d  and supported by experimental  inves-  
t i g a t i o n s ,  i t  has become reasonably apparent  t h a t  the  condi t ions  
which e x i s t e d  on the  Earth a t  the  t i m e  t h a t  terrestr ia l  bio- 
genes is  occurred w e r e  n o t  un l ike  those t h a t  are assumed t o  
c h a r a c t e r i z e  the  lower s t r a t a  of J u p i t e r ' s  atmosphere. Also, 
an  inc reas ing  amount of knowledge obtained about the Jovian 
environment during r e c e n t  years  suggests  the p o s s i b i l i t y  t h a t  
the  p l a n e t ' s  atmosphere i s  highly reducing and t h a t  r e l a t i v e l y  
temperate regions conta in ing  l i q u i d  w a t e r  as clouds,  o r  even 
seas ,  may occur a t  l e v e l s  be low those which are v i s i b l e  by 
d i r e c t  observat ion.  The increased temperatures i n  the  lower 
s t r a t a  may b e  produced i n  p a r t  by the  "greenhouse" e f f e c t  of 
s o l a r  hea t  trapped i n  the p l a n e t ' s  atmosphere. 
J u p i t e r ' s  atmosphere appears t o  have the same r e l a t i v e  
composition as t h a t  suggested by the  s o l a r  abundance of the  
elements. The Jovian atmosphere i s  known t o  conta in  methane, 
ammonia, and hydrogen, while  the  presence of helium i s  i n f e r r e d  
by i n d i r e c t  a n a l y s i s .  The presence of f r e e  oxygen and n i t rogen  
i s  n o t  expected t o  be found, however, s i n c e  i n  a reducing 
hydrogen-rich atmosphere, these gases  would have combined wi th  
hydrogen t o  form water and ammonia, r e spec t ive ly .  Oxygen- 
conta in ing  compounds such as carbon dioxide and carbon monoxide, 
would s i m i l a r l y  be reduced t o  w a t e r  and methane, w i th  the  water 
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f rozen  out  a t  the temperatures of the upper atmosphere. 
I n  success fu l  labora tory  experiments, simulated Jovian- 
type atmospheres have been subjected t o  u l t r a v i o l e t  r a d i a t i o n ,  
e lectr ic  d ischarges ,  ion iz ing  r a d i a t i o n ,  and hea t ,  which re- 
s u l t e d  i n  the production of such compounds as adenine and 
hydrocyanic ac id ,  as w e l l  as amino a c i d s  and o the r  complex 
organic  substances.  
t o  be necessary precursors  t o  the  s i m p l e  forms of l i f e ,  s i n c e  
they form the  bui ld ing  blocks f o r  t he  nuc le i c  a c i d s  and p r o t e i n s  
which are v i t a l  elements of l i v i n g  organisms, 
Such compounds gene ra l ly  are considered 
I n  a d d i t i o n  t o  t h i s  evidence f o r  the  poss ib l e  ex i s t ence  
of b i o l o g i c a l  precursors  on J u p i t e r ,  i t  should b e  noted t h a t  
c e r t a i n  types of p r imi t ive  organisms which p resen t ly  e x i s t  on 
the Ea r th  a l s o  could possibly surv ive  i n  the  Jovian environment, 
These organisms, as f o r  example, anaerobic methane bacteria 
(which apparent ly  are a b l e  t o  take i n  hydrogen and r e l e a s e  
methane), might have evolved on the  Ear th  under condi t ions  such 
as those which now e x i s t  on J u p i t e r ,  and managed t o  surv ive  t o  
our era i n  h ighly  s p e c i f i c  micro-environments. Also,  consider-  
a t i o n  must be given t o  t h e  p o s s i b i l i t y  t h a t  l i f e  forms i n  the  
process  of development on Jupi te r  may have evolved i n  a manner 
completely d i f f e r e n t  from t h a t  of terrestr ia l  l i f e .  An example 
of t h i s  would be the  use of l i q u i d  ammonia i n s t e a d  of water as 
a b i o l o g i c a l  s u b s t r a t e ,  
The o r i g i n  of t e r res t r ia l  l i f e  i s  thought t o  have passed 
through t h r e e  d i s t i n c t  chemical phases : inorganic  t o  organic  t o  
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b i o l o g i c a l .  The generat ion of l i f e  on the  E a r t h ' s  su r f ace  must 
have been preceded by a prel iminary development of those organic  
substances of which organisms a r e  c o n s t i t u t e d .  I f  p o s i t i v e  
evidence w a s  found on J u p i t e r ,  of the syn thes i s  of organic 
matter i n  the  presence of  a pr imi t ive  reducing atmosphere, i t  
would provide support  f o r  present  concepts of  the  evolu t ion  of 
organized matter .  Also, negat ive f ind ings  would b e  meaningful 
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s i n c e  they would n e c e s s i t a t e  r e o r i e n t a t i o n  of  p re sen t  th inking  
as w e l l  as a re -eva lua t ion  of l abora to ry  experiments employing 
simulated reducing atmospheres .,
The s c i e n t i f i c  explora t ion  of J u p i t e r  should include 
a d d i t i o n a l  ground-based o r  near-Earth observat ions t o  o b t a i n  
more information about the  presence of organic  molecules, w a t e r ,  
and temperature regimes a t  var ious atmospheric l e v e l s .  Such 
d a t a  could l a t e r  be r e f i n e d  by means of s p a c e c r a f t  f lyby  and 
o r b i t e r  missions., However, s ince  the most r evea l ing  and i n t e r -  
e s t i n g  p a r t  of t he  p l a n e t  from the  b i o l o g i c a l  s tandpoin t  i s  the  
region below the  clouds,  atmospheric probes,  surv ivable  and 
non-survivable,  may be required t o  explore  t h a t  region.  There- 
fo re ,  s p a c e c r a f t  missions which lead t o  the deployment of such 
probes should be  given the  h ighes t  p r i o r i t y  f o r  the  b i o l o g i c a l  
explora t ion  of J u p i t e r ,  
The r e p o r t  concludes t h a t  p r e s e n t l y  a v a i l a b l e  evidence 
regarding the Jovian environment, toge ther  w i th  c u r r e n t  ideas  
about the  mode f o r  the  development of l i f e  on the  Earth,  j u s t i f y  
plans f o r  a b i o l o g i c a l  explora t ion  of J u p i t e r .  
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SCIENTIFIC OBJECTIVES OF DEEP SPACE INVESTIGATIONS : 
JUPITER AS AN OBJECT OF BIOLOGICAL INTEREST 
1. INTRODUCTION 
A s  p a r t  of a continuing e f f o r t  i n  a s s i s t i n g  NASA's 
advanced planning f o r  space missions, A S C / I I T R I  has out l ined  
the important s c i e n t i f i c  ob jec t ives  f o r  t h e  exp lo ra t ion  of the  
p l ane t s .  These ob jec t ives  have been p r imar i ly  i n  the realm of 
the phys ica l  sc iences .  Since one of  the s t a t e d  goa ls  of the  
space program i s  the inves t iga t ion  of the  o r i g i n  and evolu t ion  
of l i f e ,  i t  i s  apparent  t h a t  some cons ide ra t ion  of the  poss ib l e  
s i g n i f i c a n c e  of t h e ' p l a n e t s  for b i o l o g i c a l  s t u d i e s  must a l s o  
b e  undertaken. One r e p o r t  of t h i s  kind has a l r e a d y  been com- 
p l e t e d :  "Mission Requirements f o r  Exobiological  Measurements 
on Venus," ASC/IITRI Report No. P-16. 
The p resen t  r e p o r t  discusses  the environment on J u p i t e r ,  
some of the  b i o l o g i c a l  systems t h a t  conceivably could evolve 
under such condi t ions ,  and the e f f e c t  of t h i s  information on 
mission planning. While it m u s t  b e  recognized t h a t  d e f i n i t i v e  
d a t a  c h a r a c t e r i z i n g  the  Jovian atmosphere are p r e s e n t l y  l i m i t e d ,  
the  assumption i s  made t h a t  condi t ions may p r e v a i l  on J u p i t e r  
1 1 1  R E S E A R C H  I N S T I T U T E  
1 
which are  compatible wi th  the  ex i s t ence  of a p r imi t ive  b io log i -  
c a l  preserve.  It i s  f e l t  t h a t  t he  evidence presented i n  the  
following pages f u l l y  j u s t i f i e s  t h i s  assumption. 
In  consider ing the p lane ts  from a b io log ica l  viewpoint, 
i t  has been customary t o  ignore J u p i t e r ,  o r  t o  a s s ign  i t  a very 
low r a t i n g .  
t h a t  had been found t o  cha rac t e r i ze  t h i s  p l a n e t  appeared t o  
preclude the  ex i s t ence  of l i f e  as w e  know i t  from experience 
wi th  t e r res t r ia l  biology. In the  l as t  few yea r s ,  however, ob- 
s e rva t ions  of J u p i t e r  have ind ica ted  r e l a t i v e l y  high tempera- 
t u r e s  i n  and below the  clouds,  while the p o s s i b i l i t y  of the  
presence of some water i n  these lower s t ra ta  has become more 
l i k e l y .  In  add i t ion ,  a growing number of  l abo ra to ry  experiments 
and t h e o r e t i c a l  arguments have emphasized t h a t  the  condi t ions  
requi red  f o r  the o r i g i n  of l i f e  on our own p l a n e t  w e r e  undoubt- 
ed ly  d i f f e r e n t  from the  condi t ions t h a t  e x i s t  today. In  f a c t ,  
i t  appears t h a t  these  o r i g i n a l  condi t ions  were n o t  un l ike  those 
The low temperatures and highly reducing atmosphere 
p r e s e n t l y  e x i s t i n g  on the  p lane t  J u p i t e r .  A s  a r e s u l t ,  i t  i s  
apparent  t h a t  the new model for  the  atmosphere of J u p i t e r  which 
i s  emerging could have profound b i o l o g i c a l  impl ica t ions .  
The presence of a p r imi t ive  reducing atmosphere on 
J u p i t e r  provides a unique opportuni ty  t o  go "back i n  t i m e , "  
so  t o  speak, and endeavor t o  r e l a t e  a poss ib l e  exobiology on 
J u p i t e r  t o  the  condi t ions  e x i s t i n g  during biogenesis  on the 
Earth.  P o s i t i v e  evidence of the syn thes i s  of organic matter 
on J u p i t e r  would be  of  g r e a t  s ign i f i cance  i n  t h a t  i t  would 
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provide support  f o r  p re sen t  concepts of the  evolu t ion  of 
organized matter .  On the other  hand, nega t ive  f ind ings  would 
a l s o  b e  very meaningful s i n c e  they would n e c e s s i t a t e  a r eo r i en -  
t a t i o n  of present  thinking as w e l l  as a re -eva lua t ion  of 
l abora to ry  experiments employing simulated reducing atmospheres. 
It  i s  poss ib l e ,  of course,  t ha t  more than one pathway toward 
the  development of l i f e  e x i s t s .  Abelson (1966) has presented 
some prel iminary arguments fo r  a model i n  which l i f e  develops 
i n  an atmosphere t h a t  does not  con ta in  methane and ammonia. It  
may be t h a t  the  d i r e c t  i nves t iga t ion  of a t o t a l l y  a l i e n  biology 
r e p r e s e n t s  the  only means a v a i l a b l e  f o r  deciding which of the 
va r ious  p o s s i b i l i t i e s  a c t u a l l y  lead  t o  l i v i n g  e n t i t i e s  
A b r i e f  d e s c r i p t i o n  of our p re sen t  knowledge of those 
aspects of t h e  Jovian environment r e l e v a n t  t o  a b io log ica l  i n -  
v e s t i g a t i o n  of  t he  p l a n e t  i s  presented i n  Sec t ion  2 .  A b r i e f  
d i scuss ion  of c u r r e n t  ideas  about t h e  o r i g i n  of t e r r e s t r i a l  
l i f e  i s  presented i n  Sect ion 3 ,  and t h i s  background m a t e r i a l  
i s  then used t o  a s s e s s  the  importance of J u p i t e r  from a bio- 
l o g i c a l  p o i n t  of view. Section 4 con ta ins  a d i scuss ion  of  the 
b i o l o g i c a l  des ide ra t a ,  the  a d d i t i o n a l  information about  t he  
p l a n e t  t h a t  must be obtained from convent ional  observa t ions  and 
from space missions t o  t es t  the  conclusions reached i n  t h i s  
a n a l y s i s .  
2 .  THE J O V I A N  ENVIRONMENT 
The atmospheres of the t e r res t r ia l  p l ane t s  a r e  thought 
t o  be secondary, having been produced by outgassing a f t e r  the 
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p r i m i t i v e  atmospheres were d i s s ipa t ed .  J u p i t e r ,  however, appears 
t o  have r e t a ined  a l a r g e  f r a c t i o n  of i t s  p r imi t ive  atmosphere, 
w i th  approximately the  same r e l a t i v e  composition as t h a t  sug- 
ges ted  by the  s o l a r  abundance of t he  elements. Methane, ammonia, 
and hydrogen are known t o  e x i s t  i n  the atmosphere of J u p i t e r ,  
while  the presence of a s u b s t a n t i a l  amount of helium i s  i n f e r r e d  
from i n d i r e c t  a n a l y s i s .  
Models f o r  t he  Jovian atmosphere conta in  about 80 p e r  
c e n t  hydrogen by mass; a value c o n s i s t e n t  wi th  the  a v a i l a b l e  
evidence f o r  the  s o l a r  hydrogen abundance. A t  the  pressures  
(0.5 t o  1 .0  atm) and temperatures (125 t o  1 7 5 ° K )  bel ieved t o  
e x i s t  nea r  J u p i t e r ' s  v i s i b l e  (cloud) sur face ,  methane i s  found 
only i n  the gaseous phase. The temperature appears t o  be  low 
enough f o r  ammonia t o  be present  i n  both the s o l i d  and the  
gaseous phases,  wi th  changes of phase occurr ing  cons t an t ly  a t  
vary ing  he ight  and temperature. These changes of phase must 
p l ay  an important r o l e  i n  the thermodynamics of J u p i t e r ' s  a t -  
mosphere, as do changes of phase of water i n  the  E a r t h ' s  a t -  
mosphere. The presence of f r ee  oxygen or  n i t rogen  i s  n o t  
expected s i n c e  i n  a reducing hydrogen-rich atmosphere these 
gases  would have combined w i t h  hydrogen t o  form water and 
ammonia, r e spec t ive ly .  Oxygen conta in ing  compounds, e .g .  , 
carbon dioxide and carbon monoxide, would s i m i l a r l y  b e  reduced 
t o  water  and methane with the water being frozen out  a t  the 
temperatures of t he  upper atmosphere. 
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Photochemical reac t ions  occurr ing i n  an atmosphere of 
J u p i t e r ' s  composition presage the poss ib l e  presence of addi -  
t i o n a l  c o n s t i t u e n t s  such a s  ethane, hydrogen cyanide,  ace ty-  
l ene ,  e tc .  It has no t ,  however, been poss ib l e  as y e t  t o  v e r i f y  
the  presence of any of these  compounds, p r imar i ly  because the  
UV reg ion  of the spectrum i s  p resen t ly  inaccess ib l e  t o  ground- 
based observat ions and the instrumental  I R  i s  only beginning t o  
be explored with adequate r e so lu t ion .  Wit t ing,  Cann, and Owen 
(1965) no te  t h a t  t he re  a r e  two p r i n c i p a l  arguments f o r  postu- 
l a t i n g  the presence of small  q u a n t i t i e s  of polyatomic molecules 
o t h e r  than those observed d i r e c t l y .  One i s  pure ly  t h e o r e t i c a l ,  
based on l i k e l y  photochemical r e a c t i o n s  which should occur i n  
a Jovian-type atmosphere. The second i s  the  evidence presented 
by t h e  c o l o r s  observed i n  the v i s i b l e  cloud l aye r s .  The 
agents  respons ib le  f o r  these  c o l o r s  are p r e s e n t l y  un iden t i f i ed ,  
bu t  Wildt (1939) has suggested s o l u t i o n s  of sodium i n  ammonia 
as an explana t ion ,  p a r t i c u l a r l y  s i n c e  sodium has been found 
i n  the E a r t h ' s  upper atmosphere. An a d d i t i o n a l  source of 
c o l o r a t i o n  i s  needed, however, s i n c e  sodium-ammonia s o l u t i o n s  
only  produce blues  and grays.  Urey (1959) has suggested com- 
p l ex  organic  molecules as th i s  source.  Sagan, L ipp inco t t ,  
Dayhoff and Eck (1967) have shown from chemical equi l ibr ium 
c a l c u l a t i o n s  t h a t  such molecules can be produced i n  the  Jovian 
atmosphere a t  high temperatures, e . g . ,  by l i g h t n i n g  d ischarges  
o r  by s o l a r  UV i r r a d i a t i o n .  Greenspan and Owen (1967) have 
suggested t h a t  a p re sen t ly  un iden t i f i ed  absorp t ion  nea r  2600 
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i n  t he  spectrum of J u p i t e r  i s  probably caused by one o r  more 
organic  compounds of considerable  complexity. I f  a p o s i t i v e  
i d e n t i f i c a t i o n  of t h i s  absorpt ion could be made, one might 
then have d i r e c t  evidence f o r  the  presence of a t  l e a s t  one 
organic  complex. A l t e rna t ive ly ,  Papazian (1959) pos tu la ted  
t h a t  the c o l o r  induced i n  c e r t a i n  condensates by charged p a r -  
t i c l e  bombardment could explain the J u p i t e r  c o l o r s .  The 
p l a n e t ' s  atmosphere would be r e a d i l y  pene t ra ted  by 100-mev 
p a r t i c l e s ,  which are f a i r l y  abundant i n  i n t e r p l a n e t a r y  space.  
The r a p i d l y  changing de ta i l s  of J u p i t e r ' s  cloud forma- 
t i o n s  i n d i c a t e  t h a t  t he  atmosphere i s  i n  a cons iderable  s ta te  
of turbulence wi th  intermingl ing of gases a t  var ious  levels 
c o n t i n u a l l y  taking p lace .  L i t t l e  i s  known, however, about 
J u p i t e r ' s  atmosphere below the cloud l e v e l  a l though Gallet (1963) 
has undertaken a t h e o r e t i c a l  a n a l y s i s  of t h i s  region.  With 
allowance f o r  t he  hea t  re leased i n  the  condensation of NH3 a t  
the  temperature and d e n s i t y  of the  v i s i b l e  cloud top, he de- 
duced t h a t  t he re  should be a r e l a t i v e l y  slow inc rease  i n  t e m -  
p e r a t u r e  wi th  decreas ing  a l t i t u d e  below the  clouds.  
f u r t h e r  suggested t h a t  the observed cloud l a y e r  may be 50 km of 
ammonia, below which the re  i s  another  deck of c louds composed 
of water. Measurements made by Owen (1965) i n d i c a t e  t h a t  t h e r e  
i s  a 200 t o  250°K temperature zone beneath the  clouds i n  which 
i t  i s  ve ry  l i k e l y  (from solar abundance arguments) t h a t  water 
i s  p resen t .  Sagan (1961) pos tu l a t e s  t h a t  i f  J u p i t e r  has a su r -  
f ace  which i s  opaque t o  v i s ib le  l i g h t ,  t h i s  su r f ace  w i l l  b e  
Gallet  
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heated by l i g h t  pene t r a t ing  through the  cloud l a y e r  and w i l l  
e m i t  i n  t he  i n f r a r e d .  Because of the abso rp t ive  p r o p e r t i e s  of 
the  Jovian atmosphere, i n f r a red  r a d i a t i o n  w i l l  be unable t o  
escape t o  space and a very e f f i c i e n t  greenhouse e f f e c t  could 
b e  e s t a b l i s h e d .  Under these  condi t ions ,  the temperature of 
the  Jovian atmosphere w i l l  increase  w i t h  depth below the v i s i -  
b l e  cloud l a y e r ,  i . e .  , the  atmospheric “greenhouse” provides a 
mechanism f o r  producing t h e  observed high temperatures.  In 
a d d i t i o n ,  Low (1966) has de tec ted  a surp lus  of r a d i a t i o n  from 
J u p i t e r  a t  1 0 ~  and 2011 which he i n t e r p r e t s  as i n t r i n s i c  thermal 
r a d i a t i o n  from the  p l a n e t  i n  excess of the  amount absorbed from 
the  Sun. I n  o the r  words, i t  appears t h a t  the  p l a n e t  i t s e l f  i s  
a source of thermal energy, probably as a r e s u l t  of a slow, con- 
t i n u a l  g r a v i t a t i o n a l  cont rac t ion .  This again i s  evidence f o r  
r e l a t i v e l y  high temperatures below the  clouds.  
The s i g n i f i c a n c e  of these r e s u l t s  f o r  the p re sen t  d i s -  
cuss ion  i s  obvious; a t  temperatures above 273°K we  may a n t i c i -  
pate the  ex i s t ence  of  l i q u i d  water, e i t h e r  as clouds i n  the 
atmosphere, o r  as seas i f  there  e x i s t s  a su r face  of  s u f f i c i e n t  
i n t e g r i t y  t o  support  them. A l o g i c a l  deduction based on a l l  
t h i s  evidence is  t h a t  organic matter could be produced i n  t h i s  
environment i n  a manner analogous t o  the  processes  which sup- 
posedly l e d  t o  the  syn thes i s  of organic molecules i n  the  e a r l y  
h i s t o r y  of the  Earth.  
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3 .  EXOBIOLOGY OF JUPITER 
3 . 1  I n i t i a l  Stages i n  the Development of Terrestr ia l  L i f e  
To provide some b a s i s  f o r  a s ses s ing  the b i o l o g i c a l  i m -  
por tance of t he  environmental c h a r a c t e r i s t i c s  j u s t  discussed,  
one can cons ider  t he  o r i g i n  and evo lu t ion  of l i f e  on Ear th .  
It  i s  important t o  keep t h e  d i s t i n c t i o n  between these  two words 
( o r i g i n  and evolu t ion)  i n  mind. A f t e r  l i f e  o r i g i n a t e s ,  sub- 
sequent evolu t ion  may a l t e r  the environment d r a s t i c a l l y ,  t o  the  
p o i n t  where l i f e  could no longer o r i g i n a t e  under e x i s t i n g  con- 
d i t i o n s .  The o r i g i n  of t e r r e s t r i a l  l i f e  w a s  a gradual  process  
ope ra t ing  over an extremely long span of t i m e ,  perhaps mi l l i ons  
of years .  The process of o r i g i n  i s  thought t o  have passed 
through t h r e e  d i s t i n c t  chemical phases;  from inorganic  t o  o r -  
ganic  chemistry and hence f rom organic  t o  b i o l o g i c a l  chemistry 
(Fig. 1). I n e v i t a b l y  the  generat ion of l i f e  on the E a r t h ' s  
s u r f a c e  must have been preceded by a prel iminary development 
of those organic  substances of which organisms are c o n s t i t u t e d .  
Most of the  a v a i l a b l e  evidence seems t o  support  t he  
assumption t h a t  carbon, a t  l e a s t  i n  p a r t ,  f i r s t  appeared on the  
E a r t h ' s  su r f ace  i n  the  reduced form, p a r t i c u l a r l y  as hydro- 
carbons,  wi th  n i t rogen  l ikewise i n  a reduced s t a t e  i n  the  form 
of ammonia. This i s  suggest ive of t he  p re sen t  composition of  
t he  J u p i t e r  atmosphere. 
Bernal (1951) sums up the  i n i t i a l  sequences of the  
o r i g i n  of l i f e  as follows: F i r s t ,  s i m p l e  organic  molecules 
such as hydrocarbons were c rea ted  i n  the  p r imi t ive  reducing 
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I . 
atmosphere, Then over a long period of t i m e ,  more complex 
molecules and polymers were produced (Fig. 1). These became 
concentrated and organiza t ion  occurred. Natural  s e l e c t i o n  
favored some of the  r e s u l t i n g  systems and from them the  f i r s t  
l i v i n g  things a rose ,  namely s ing le  c e l l  e n t i t i e s  (Fig. 2 ) .  I f  
oxygen concent ra t ions  s u f f i c i e n t  t o  p e r m i t  r e s p i r a t i o n  became 
available the re  would be a corresponding demand f o r  complex 
b i o l o g i c a l  func t ions  lead ing  t o  mu l t i - ce l l ed  organisms wi th  
advanced mechanisms of energy recept ion ,  c o n t r o l ,  and u t i l i z a -  
t i o n ,  A t  t h i s  s t age ,  the  processes governing t h e  evolu t ion  of 
l i f e  would begin opera t ing  i n  e a r n e s t ,  Wald (1964) states 
t h a t  the p re sen t  organiza t ion  of  c e l l u l a r  metabolism toge ther  
wi th  what can be surmised t o  have been the course of i t s  evolu- 
t i o n ,  provides i n t e r n a l  evidence t h a t  organisms went through 
much of t h e i r  e a r l y  development i n  the  absence of oxygen. 
Otherwise, i t  would b e  d i f f i c u l t  t o  comprehend the  ingenui ty  
they have d isp layed  i n  developing anaerobic pathways of m e t a -  
bolism. Actua l ly ,  the  whole basic  s t r u c t u r e  of c e l l u l a r  
metabolism i s  anaerobic and v i r t u a l l y  a l l  types of ce l l s  t h a t  
a r e  deprived of  oxygen can survive f o r  extended per iods  on 
fermentat ion.  
This b r i e f  ske tch  should i n d i c a t e  t h a t  the Jovian en- 
vironment may indeed be promising from a b i o l o g i c a l  viewpoint. 
In  f a c t ,  one can envisage seve ra l  s t ra ta  of complex chemicals 
which might bu i ld  i n t o  a biosphere on J u p i t e r .  Highly complex 
organic  molecules might be produced from s o l a r  r a d i a t i o n  and 
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atmospheric e l e c t r i c a l  charges e These molecules would be q u i t e  
s o l u b l e  i n  the d rop le t s  of l i qu ids  p re sen t ,  c r e a t i n g  the  condi- 
t i o n s  necessary f o r  complex organic r e a c t i o n s .  A poss ib l e  path-  
way toward the  beginnings of  l i f e ,  given these  i n i t i a l  cond i t ions ,  
has been ou t l ined  by Wilson (1960) f o r  the  analogous s t a g e  i n  
the h i s t o r y  of the  E a r t h ' s  biogenesis ,  Wilson has suggested 
t h a t  l a r g e  q u a n t i t i e s  of high-molecular-weight hydrocarbons 
wi th  su r face  po la r  groups could have been synthesized i n  a re- 
ducing atmosphere during e l e c t r i c a l  d i s turbances ,  perhaps on 
clouds and r a i n  d r o p l e t s  caught i n  the corona discharge of 
thunderstorms. O f  the  very la rge  number of po la r  groups p r e -  
s e n t ,  some of them might have been of t he  r i g h t  kind and the  
r i g h t  geometr ical  o r i e n t a t i o n  t o  endow hydrocarbons wi th  
enzymatic" a c t i v i t y .  Thus, e a r l y  s t e p s  i n  the  chemical evo- 11 
l u t i o n  of l i f e  may have been based on c a t a l y s t s  o r  ' 'proto- 
enzymes" i n  which t h e  c a t a l y t i c  groupings were supported on 
m a t e r i a l  of the hydrocarbon type. This "hydrocarbon l i f e "  
could then have evolved u n t i l  i t  was s u f f i c i e n t l y  developed t o  
be a b l e  t o  synthes ize  i t s  own macromolecules (cp. Fig.  2 ) .  
3 . 2  Laboratory S tudies  of Simulated Jovian Atmospheres 
Support f o r  t he  concept t h a t  organic  compounds regarded 
as poss ib l e  precursors  of l i f e  systems may have developed i n  
the reducing atmosphere of J u p i t e r  comes from l abora to ry  s t u d i e s  
wi th  simulated Jovian atmospheres. Atmospheres comprised of 
methane, ammonia, hydrogen, and water vapor have been exposed 
t o  u l t r a v i o l e t  l i g h t ,  e l e c t r i c  d i scharges ,  i on iz ing  r a d i a t i o n ,  
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and h e a t  with r e s u l t a n t  formation of s i g n i f i c a n t  amounts of 
organic  compounds, e. g. : 
(a )  Ethane 
(b) Ethylene 
(c )  Acetylene 
(d) Adenine 
(e )  Hydrogen cyanide 
( f )  Amino ac ids  
(g) Sugars 
Confirmation of the  production of such organic  compounds has 
been repor ted  by a number of  independent i n v e s t i g a t o r s .  Sagan 
and Miller (1960) found t h a t  e l e c t r i c  corona d ischarges  passed 
through a mixture of 30 p a r t s  H2, t h r e e  p a r t s  CH4, and one 
p a r t  NH3, which i s  roughly equivalent  t o  the composition of 
J u p i t e r ' s  atmosphere (although v e r y  underabundant i n  H2) pro- 
duced ethane,  e thylene ,  acetylene,  cyanide, and a c e t r o n i t r i l e ;  
formaldehyde w a s  produced i f  water vapor was p re sen t .  In  an 
ear l ie r  study, Miller (1957) produced a continuous 60,000 v 
spark  i n  a sea led  v e s s e l  containing CH4, NH3, H20, and H2 and 
a f t e r  a week found a v a r i e t y  of amino, hydroxy, and a l i p h a t i c  
a c i d s  i n  the  r e a c t i o n  mixture. The f i r s t  r e a c t i o n  products 
appeared t o  be hydrocyanic acid and aldehydes wi th  subsequent 
syn thes i s  of amino a c i d s  d i r e c t l y  r e l a t e d  t o  the  formation and 
u t i l i z a t i o n  of these  compounds. 
Oro and K i m b a l l  (1961) synthesized adenine i n  substan-  
t i a l  amounts by hea t ing  a so lu t ion  of HCN i n  aqueous NH3 f o r  
s e v e r a l  days a t  moderate temperatures (27-100°C). Since adenine 
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i s  an e s s e n t i a l  bu i ld ing  block of the nuc le i c  a c i d s  (DNA and 
RNA) and of important coenzymes ( e .g . ,  ATP, e s s e n t i a l  f o r  pro- 
duct ion of energy i n  l i v i n g  c e l l s )  and s ince  NH3 and H20  are 
common n a t u r a l  c o n s t i t u e n t s  of t he  s o l a r  sys t em,  while  HCN i s  
e a s i l y  produced from e x i s t i n g  c o n s t i t u e n t s  (Abelson 1966), these 
experiments were considered t o  b e  s i g n i f i c a n t  i n  r e l a t i o n  t o  
the  o r i g i n  of l i f e .  
Ponnamperuma (1965) demonstrated t h a t  when an  aqueous 
s o l u t i o n  of HCN i s  exposed t o  u l t r a v i o l e t ,  the  r e s u l t i n g  pro- 
duc ts  included adenine,  guanine* and urea.  Moreover, the  re-  
a c t i o n  wi th  HCN can proceed even without  a source of energy; 
an  aqueous s o l u t i o n  of HCN l e f t  s tanding  a t  -10°C i s  converted 
spontaneously i n t o  a more complex organic  compound. There i s  
cons iderable  i n t e r e s t  i n  HCN s ince  i t  i s  a pathway f o r  the  
production of purines** and together  wi th  formaldehyde under- 
goes the  S t r ecke r  syn thes i s  t o  g ive  r i s e  t o  amino a c i d s .  Lowe, 
Rees, and Markham (1963) note  t h a t  syn thes i s  of amino a c i d s  
under p r imi t ive  atmospheric condi t ions appears t o  b e  success fu l  
so  long as the  medium i s  reducing, but under oxid iz ing  condi- 
t i o n s  t h e  products are neg l ig ib l e .  The s i g n i f i c a n c e  of the  
poss ib l e  formation of amino ac ids  i s  t h a t  they may conceivably 
b e  simultaneously condensed t o  polymers which have many of the 
p r o p e r t i e s  of p r o t e i n s ,  one of these  p r o p e r t i e s  being the  ten- 
dency t o  form s t r u c t u r e d  un i t s .  Prepared i n  the labora tory  
these  u n i t s  appear  t o  have many of the a t t r i b u t e s  of  l i v i n g  c e l l s .  
*Another base ( l i k e  adenine) found t o  occur i n  nuc le i c  a c i d s .  
7k'kBoth adenine and guanine a re  pur ines .  
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3 . 3  S i g n i f i c a n t  C h a r a c t e r i s t i c s  of Terrestr ia l  Micro-Organisms 
The r e l a t i v e  morphological s i m p l i c i t y  and unusual en- 
vironmental  i n t e r r e l a t i o n s h i p s  of c e r t a i n  b a c t e r i a l  organisms 
have suggested the  p o s s i b i l i t y  t h a t  such organisms may have 
e x i s t e d  i n  a p r imi t ive  environment very d i f f e r e n t  from the  
cond i t ions  now found on the Earth. Although the  chance of 
f ind ing  t r u l y  p r imi t ive  organisms seems remote, remnants of 
biochemical sys t ems  which d id  ex is t  i n  the p r i m i t i v e  organisms 
might be i d e n t i f i e d .  For example, such a system might be p re -  
s e n t  i n  the  anaerobic methane b a c t e r i a  which are a b l e  t o  take 
up hydrogen and r e l e a s e  methane (Wood 1961). S tudies  of species 
having these  c h a r a c t e r i s t i c s  a r e  r e l e v a n t  t o  our p re sen t  prob- 
l e m  i n  two ways.  A demonstration t h a t  organisms we  now observe 
requi red  a reducing environment f o r  t h e i r  o r i g i n  s t r o n g l y  
supports  the idea  t h a t  biogenesis could occur i n  the  present  
environment of J u p i t e r .  In  add i t ion ,  the f a c t  t h a t  we s t i l l  
f ind  such organisms on the Earth al though average condi t ions  
have d r a s t i c a l l y  changed s ince the  o r i g i n  of these  spec ies  
emphasizes the importance of micro-environments and the e x t r a -  
ord inary  range of condi t ions  i n  which l i f e  as we know i t  can 
e x i s t .  
A s  an example of t h i s  second po in t ,  the  a b i l i t y  of 
some organisms t o  withstand v e r y  low temperatures can be c i t e d .  
Becquerel (1950) demonstrated t h a t  b a c t e r i a l  spores  can surv ive  
temperatures less than l 0 K .  Meyer, e t  a l .  (1962) c o l l e c t e d  
samples of water from Don Juan Pond i n  the A n t a r c t i c  and found 
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microf lora  t o  ex is t  a t  temperatures down t o  2 5 0 ° K  and poss ib ly  
lower. There appeared t o  be a d i r e c t  r e l a t i o n s h i p  between the 
s a l t  concent ra t ion  of t he  water and the a b i l i t y  of micro- 
organisms t o  survive a t  l o w  temperatures i n  a s e l f - s u s t a i n i n g  
environment. In  the atmosphere of J u p i t e r ,  mixtures of ammonia 
and water conceivably could serve  as n a t u r a l  a n t i f r e e z e s  t o  
p e r m i t  s u r v i v a l  of micro-organisms a t  temperatures w e l l  below 
273OK. 
3.4 Liquid Ammonia as a S u b s t r a t e  f o r  L i f e  Forms 
One a spec t  of the  exobiology of J u p i t e r  which has r e -  
ceived comparatively minimal a t t e n t i o n ,  but  which cannot be 
discounted wi th  c e r t a i n t y ,  i s  the  p o s s i b i l i t y  t h a t  l i q u i d  ammonia 
may a c t  i n  a manner analogous t o  water a s  a s u b s t r a t e  f o r  l i f e  
forms. An obvious disadvantage of ammonia, however, i s  the  
f a c t  t h a t  i t  remains l i q u i d  over a much narrower temperature 
range than water. A t  one atmosphere pressure ,  the  b o i l i n g  po in t  
of ammonia i s  -33.3"C and the f r eez ing  p o i n t  i s  -77.7"C. To 
keep ammonia i n  the  l i q u i d  state,  the  temperature must n o t  r i se  
above approximately -4OOC. However, a t  the higher  pressures  
encountered below the  cloud layer  ammonia may remain a l i q u i d  
a t  e l eva ted  temperatures. Sagan (1961) no te s  t h a t  l i q u i d  
ammonia i s  an e x c e l l e n t  organic so lven t  and on low temperature 
p l a n e t s  such as J u p i t e r ,  where i t  might be a v a i l a b l e  i n  abun- 
dance, systems of organic  chemistry may develop wi th  the  NH2 
group r ep lac ing  the OH group. 
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F i r s o f f  (1966) has pos tu la ted  t h a t  seas of ammonia and 
atmospheres of n i t rogen  might b e  a b l e  t o  support  l i f e  on o the r  
p l a n e t s .  Processes of d iges t ion  which r e l y  on hydro lys is  would 
b e  replaced by ammonolysis. Reactions of chemical degradat ion 
which y i e l d  energy by oxidation i n  our system would take place 
i n  an ammonia system through the  agency of n i t rogen .  Ins tead  
of water and carbon dioxide as f i n a l  products,  t he re  would be 
ammonia and cyanogen, the l a t t e r  being the  ammono analogue of 
carbon dioxide.  Desp i t e  these arguments, the  apparent  major i ty  
opinion amongst i n v e s t i g a t o r s  a t  p resent  i s  t h a t  a water based 
organo-chemistry i s  more l i k e l y  than one based on l i q u i d  ammonia. 
3.5 Summary 
Theore t ica l  cons idera t ions  supported by the l i m i t e d  
experimental  d a t a  p r e s e n t l y  a v a i l a b l e  c o n s t i t u t e  a b a s i s  f o r  
p o s t u l a t i n g  t h a t  precursors  of l i f e  forms, and p o s s i b l y  some 
form of l i f e  i t s e l f ,  may e x i s t  i n  t h e  environment of J u p i t e r .  
Obviously, f u r t h e r  t h e o r e t i c a l  and experimental  i n v e s t i g a t i o n s  
are requi red  t o  ob ta in  d e f i n i t i v e  information t h a t  w i l l  e i t h e r  
support  o r  negate  a Jovian exobiology. More s p e c i f i c a l l y ,  the 
va r ious  s t ra ta  of J u p i t e r ' s  atmosphere w i l l  need t o  be examined 
wi th  regard to :  
(a) Composition 
(b) Temperature range 
(c )  Density 
(d) Presence of water 
(e )  Levels of s o l a r  and o the r  forms of energy 
( f )  Presence of p a r t i c u l a t e s  (organic compounds, 
micro - o r  ganisms ) . 
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A t  p re sen t  i t  seems l i k e l y  tha t  s i m p l e  organic molecules may 
b e  formed i n  the  p r i m i t i v e  reducing atmosphere of J u p i t e r ,  
probably evolving from exposure of methane and ammonia t o  s o l a r  
r a d i a t i o n  o r  e lectr ical  dis turbances Over some per iod of 
t i m e  (depending on l o c a l  concentrat ions and temperatures) the  
s i m p l e  molecules could have combined t o  produce complex mole- 
c u l e s  and subsequently polymers. Concentration and organiza t ion  
of  t hese  polymers wi th  the  development of an i n t e g r a l  form 
surrounded by a s e l e c t i v e l y  permeable membrane could r e s u l t  i n  
l i v i n g  s i n g l e  c e l l  e n t i t i e s .  
This review has taken a d e l i b e r a t e l y  o p t i m i s t i c  s t ance  
s i n c e  t r a d i t i o n  has been ha rd  on the  ou te r  p l ane t s  wi th  respect 
t o  t h e i r  b i o l o g i c a l  importance. To provide a proper perspec- 
t i v e ,  two p o i n t s  i m p l i c i t  i n  t he  d i scuss ion  given above should 
be re-emphasized. F i r s t ,  i t  i s  by no means completely c e r t a i n  
t h a t  terrestr ia l  l i f e  or ig ina ted  i n  an environment i d e n t i c a l  
w i th  t h a t  p r e s e n t l y  found on J u p i t e r .  The a l t e r n a t i v e  pathway 
suggested by Abelson (1966) has a l r eady  been referenced.  
Second, even i f  l i f e  on our p lane t  d id  o r i g i n a t e  under 
cond i t ions ,  we  cannot be  sure  t h a t  i t  would o r i g i n a t e  i n  such 
cond i t ions  as they exis t  on , lup i te r .  The apparent  s t a t i c  
q u a l i t y  of t h i s  reducing environment which may have maintained 
roughly the  same c h a r a c t e r i s t i c s  we observe today f o r  4.5 b i l -  
l i o n  years  may only be conducive t o  some kind of p r imi t ive ,  
s teady  s ta te ,  abiogenic organic chemistry.  The main p o i n t  t o  
emphasize i s  t h a t  even t h i s  would be  i n t e r e s t i n g .  One of  t he  
1 1  Jovian" 
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most s t r i k i n g  aspects about l i f e  i s  i t s  i n t r i n s i c  improbabi l i ty  
as a n a t u r a l  phenomenon. This n e c e s s i t a t e s  a huge number of 
t r i a l s  before a success fu l  "origin" can be  expected, making 
the l abora to ry  dup l i ca t ion  of the  process very d i f f i c u l t ,  even 
when the  environment can b e  con t ro l l ed  i n  such a way t h a t  the  
p r o b a b i l i t y  can b e  g r e a t l y  increased.  I n  t h i s  sense,  J u p i t e r  
r e p r e s e n t s  a huge n a t u r a l  l abora tory  i n  which p r e - l i f e  exper i -  
ments may b e  taking p l ace  continuously.  The ques t ion  t o  be  
answered i s  how f a r  these  experiments have progressed, t h a t  i s ,  
t o  what l e v e l  of complexity? 
I f  oxygen concentrat ions s u f f i c i e n t  t o  p e r m i t  r e s p i r a -  
t i o n  became a v a i l a b l e  the re  would b e  a corresponding demand f o r  
complex b i o l o g i c a l  func t ions  lead ing  t o  mul t i - ce l l ed  organisms. 
I n  f a c t ,  n e a r l y  a century  ago, Louis Pas teur  repor ted  t h a t  
p r imi t ive  organisms capable of l i v i n g  e i t h e r  w i t h  o r  without  
oxygen s h i f t  from fermentation (without oxygen) t o  r e s p i r a t i o n  
(with oxygen) whenever t h e  amount of a v a i l a b l e  oxygen reaches 
one-hundredth of the present-day l e v e l  of oxygen i n  the E a r t h ' s  
atmosphere. Resp i r a t ion  then provides the opportuni ty  f o r  the  
development of complex mul t i -ce l led  organisms. Since J u p i t e r  
obviously s t i l l  possesses  a reducing atmosphere, i t  i s  extremely 
u n l i k e l y  t h a t  evolu t ion  has proceeded t h i s  f a r .  However, i f  
p r i m i t i v e  organisms could be i d e n t i f i e d  and i s o l a t e d  i n  an  
environment of t h i s  t y p e ,  the way would b e  open f o r  an  exper i -  
mental approach t o  evolut ionary biology t h a t  could c r i t i c a l l y  
t es t  P a s t e u r ' s  observat ion.  
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4 .  THE BIOLOGICAL EXPLORATION OF JUPITER 
I n  the  preceding sec t ions ,  i t  has been demonstrated 
t h a t  J u p i t e r  indeed appears t o  provide an appropr i a t e  environ- 
ment f o r  b io log ica l  i nves t iga t ions .  It i s  now p e r t i n e n t  t o  
cons ider  how such inves t iga t ions  may b e s t  be c a r r i e d  out .  Since 
space missions t o  J u p i t e r  a r e  s t i l l  s e v e r a l  years  i n  the  f u t u r e ,  
i t  i s  reasonable  t o  begin w i t h  a d i scuss ion  of  what measure- 
ments of b io log ica l  i n t e r e s t  a r e  poss ib l e  from ground-based, 
sub -o rb i t a l ,  and o r b i t a l  observing s t a t i o n s .  The r e s u l t s  ob- 
t a ined  from such s t u d i e s  are expected a t  l e a s t  t o  produce va lu-  
able  background ma te r i a l  f o r  the space missions t h a t  a r e  n e x t  
considered.  These missions f a l l  n a t u r a l l y  i n t o  two c a t e g o r i e s ,  
the f i r s t  c o n s i s t i n g  of f lybys and o r b i t e r s  and the second of 
atmosphere-entering probes,  Landers form a p o s s i b l e  subdiv is ion  
of the  second ca tegory ,  
I t  should be emphasized a t  the o u t s e t  t h a t  missions in-  
vo lv ing  the  deployment of atmospheric probes are by f a r  the  
most s i g n i f i c a n t  from a b io log ica l  po in t  of view. I f  t h e  
reasons f o r  t h i s  a r e  n o t  a l ready apparent ,  they should become 
c l e a r  from the  following discussion of the  kinds of information 
t h a t  a r e  obta inable  from each method of i n v e s t i g a t i o n .  
4,1 Near-Earth Observations 
A l l  of the da t a  described i n  Sec t ion  2 have been ob- 
ta ined  from ground- o r  rocket-based observa t ions ,  and i t  i s  
these  d a t a  which have formed the basis f o r  a b i o l o g i c a l  i n t e r e s t  
i n  J u p i t e r  Hence such observat ions 
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are obviously germane t o  
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a b i o l o g i c a l  i n v e s t i g a t i o n ;  the ques t ion  i s ,  can w e  expect any 
a d d i t i o n a l  r e s u l t s  of importance from these  techniques? An 
a f f i r m a t i v e  answer i s  e a s i l y  supported. It has been demonstrated 
i n  Sect ion 3 t h a t  p re sen t  ideas about the  o r i g i n  and develop- 
ment of l i f e  on Ea r th  suggest  t h a t  the presence of l i q u i d  water 
and r a t h e r  moderate temperatures are requi red ,  while  the  pre-  
b i o l o g i c a l  chemical evolu t ion  necessary f o r  t he  u l t ima te  develop- 
ment of organisms involves  the formation of complex organic  
molecules. What evidence w e  have i n d i c a t i n g  the presence of 
these  condi t ions  on J u p i t e r  can be g r e a t l y  increased by addi-  
t i o n a l  observa t ions  of  the  t y p e  a l r eady  employed. 
The temperature grad ien t  of the atmosphere below the 
clouds can be f u r t h e r  explored by r a d i o  te lescopes  which are now 
able t o  separate the  thermal  and non-thermal r a d i a t i o n  coming 
from the  p l a n e t ,  By obtaining measurements a t  s e v e r a l  wave- 
lengths ,  i t  should b e  possible  t o  p r o b e  the  atmosphere t o  d i f -  
f e r e n t  depths.  Knowing t h e  gross atmospheric composition and 
the  p l a n e t ' s  h e a t  budget, one can then c o n s t r u c t  a model, con- 
s i s t e n t  wi th  a l l  the  observat ions,  g iv ing  temperature and p r e s -  
su re  a s  a func t ion  of a l t i t u d e .  In f r a red  temperature measure- 
ments w i l l  p e r m i t  a f i t t i n g  of t h i s  model with t h e  upper regions 
of t he  Jovian atmosphere, i n  and above the  clouds.  
Our knowledge of t he  composition of the atmosphere can 
a l s o  b e  cons iderably  improved. A c a r e f u l  s ea rch  f o r  water vapor 
i n  the  nea r  i n f r a r e d  (where pene t ra t ion  t o  reg ions  o f  s u f f i c i -  
e n t l y  high temperature appears t o  occur) should lead e i t h e r  t o  
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d e t e c t i o n  o r  a s e n s i t i v e  upper l i m i t .  
b e  c a r r i e d  out  w i th  e x i s t i n g  o r  planned equipment during the 
next  few years. The preliminary ind ica t ions  of the  presence 
of organic  molecules mentioned i n  Sect ion 2 can be c r i t i c a l l y  
t e s t e d  by observat ions a t  higher r e s o l u t i o n  i n  both the  UV and 
the  I R .  In  the former case,  an improvement i n  rocke t  spec t ro-  
scopy can be expected, but the b e s t  measurements w i l l  r e s u l t  
from the  use of E a r t h - o r b i t a l  spacec ra f t  such a s  t h e  OAO. The 
i n f r a r e d  reg ion  of J u p i t e r ' s  spectrum (beyond lp) i s  badly ob- 
scured by heavy absorpt ions due t o  ammonia and methane, but the 
high r e s o l u t i o n  s p e c t r a  p re sen t ly  being obtained by i n t e r f e r o -  
met r ic  techniques w i l l  p e r m i t  t he  i n v e s t i g a t i o n  of d e t a i l s  such 
Such a search  can e a s i l y  
as absorp t ions  due t o  o ther  cons t i t uen t s  of poss ib l e  b i o l o g i c a l  
i n t e r e s t  wi th in  these in t ense  f e a t u r e s  An a d d i t i o n a l  gain 
would r e s u l t  from the use of  a high a l t i t u d e  o r  balloon- o r  
s a t e l l i t e - b a s e d  observing s t a t i o n  t o  reduce o r  e l imina te  i n t e r -  
fe rence  caused by t e r r e s t r i a l  GO2 and H 2 0  absorp t ions .  
A s  these  new r e s u l t s  become a v a i l a b l e ,  they must b e  
i n t e g r a t e d  i n t o  a developing model f o r  the  p l a n e t ' s  atmosphere 
t h a t  includes theo r i e s  f o r  the ionosphere,  the exosphere, 
photochemical r e a c t i o n s ,  e t c .  Although apparent ly  remote from 
our main i n t e r e s t  - the  p o s s i b i l i t y  of a Jovian biology - i t  
has been amply demonstrated in  the  case  of the  Ea r th  t h a t  such 
cons ide ra t ions  p l a y  a key r o l e  i n  developing a completely con- 
s i s t e n t  theory f o r  the o r i g i n  and evolu t ion  of l i f e  a s  we know 
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i t .  An improved atmospheric model w i l l  a l s o  be of c r i t i c a l  
importance i n  the development of plans f o r  space missions t o  
J u p i t e r  . 
4.2 Observations from a Flyby and O r b i t e r  
I n  planning ahead t o  decide what observat ions of impor- 
tance can be made from space probes, i t  must be borne i n  mind 
t h a t  many of the  bas ic  d a t a  t h a t  p r e s e n t l y  seem d e s i r a b l e  w i l l  
have been obtained by the t i m e  such missions take p lace .  That 
assumption w i l l  b e  made here  and we  s h a l l  conf ine  our d i scuss ion  
t o  those measurements which  cannot be performed n e a r l y  as w e l l  
any o t h e r  way. 
The g r e a t  advantage of a space mission t o  J u p i t e r  i s  the 
r e s u l t i n g  proximity of a given experiment t o  the  p l ane t .  I n  
p r a c t i c e ,  t h i s  means a high degree of s p a t i a l  r e s o l u t i o n .  
Because of J u p i t e r ' s  enormous d i s t a n c e  from the  Ear th ,  t h i s  a d -  
vantage i s  p a r t i c u l a r l y  notab le  i n  the  p re sen t  case.  There i s  
thus the  p o s s i b i l i t y  of de t ec t ing  l o c a l  v a r i a t i o n s  of composi- 
t i o n  o r  temperature over t h e  d i sk  of the p l a n e t ,  v a r i a t i o n s  
t h a t  r e s u l t  from l o c a l  changes i n  the  opac i ty  o f  the cloud cover.  
Such observat ions could b e  s i g n i f i c a n t  i n  terms of providing 
c lues  f o r  the  i d e n t i f i c a t i o n  of the  most promising regions of 
the p l a n e t  f o r  d e t a i l e d  i n v e s t i g a t i o n ,  This would be especi- 
a l l y  t r u e  a t  r a d i o  wavelengths where ground-based r e s o l u t i o n  
i s  ve ry  poor. High r e so lu t ion  t e l e v i s i o n  may provide s i m i l a r  
i n s i g h t s  i n t o  the f ine - s t ruc tu re"  of the upper Jovian atmosphere and 
would be  e s p e c i a l l y  va luable  f o r  i n t e r p r e t a t i o n  when used wi th  
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t h e  o the r  measuring techniques.  F i n a l l y ,  a powerful r ada r  with 
the  a b i l i t y  t o  probe be low the  cloud l a y e r  i n  search  of a su r -  
f ace  ( s o l i d  or  l i q u i d )  would provide inva luable  information 
concerning the l i ke l ihood  of b io log ica l ly  favorable  environments 
An o r b i t i n g  s p a c e c r a f t  has cons iderable  advantages over 
a f lyby ,  n o t  i n  the  types of measurement t h a t  can be performed 
but  i n  the du ra t ion  and r e l a t i v e  l o c a t i o n  of t he  measurements. 
A long observing t i m e  and g r e a t e r  areal  coverage of t he  plane- 
t a r y  d i s k  can be very use fu l  when i n v e s t i g a t i n g  the atmosphere 
of a p l a n e t  w i th  such r a p i d l y  changing cloud conf igura t ions .  
It  i s  q u i t e  l i k e l y  t h a t  the  e f f e c t i v e  l e v e l  of pene t r a t ion  i n t o  
the atmosphere a t ' a n y  given wavelength w i l l  be highly v a r i a b l e ,  
p a r t i c u l a r l y  when the  p l a n e t  i s  observed wi th  high s p a t i a l  
r e s o l u t i o n .  The increased r e l i a b i l i t y  a s soc ia t ed  wi th  repeated 
measurements i s  a l s o  a f a c t o r  i n  favor  of t he  o r b i t e r  mode. 
It must be acknowledged t h a t  the information r e s u l t i n g  
from an  o r b i t e r  o r  f lyby  mission, while  u s e f u l  and i n t e r e s t i n g ,  
i s  s t i l l  very l i k e l y  t o  have only an i n d i r e c t  bear ing on the 
key ques t ion  regard ing  Jovian  biology, v -y .  i s  there anything 
a l i v e  on the  p l a n e t ?  Nevertheless,  the  secondary problem of 
the  s u i t a b i l i t y  of  t he  environment f o r  t he  genera t ion  of l i f e  
and t h e  impl ica t ions  of  t hese  r e s u l t s  f o r  t h e o r i e s  of t e r res t r ia l  
l ife-development can d e f i n i t e l y  be  pursued i n  t h i s  way., To 
answer the  p r i m a r y  ques t ion  we must p e n e t r a t e  t he  atmosphere. 
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4 , 3  Atmospheric Probes and/or Landers 
From the d iscuss ion  given i n  Sect ions 2 and 3 ,  i t  should 
be  c l e a r  t h a t  the region below the  clouds i s  the  most probable 
l o c a t i o n  on J u p i t e r  e i t h e r  f o r  l i f e  i t s e l f  o r  f o r  t he  most com- 
p lex  and i n t e r e s t i n g  p r e - l i f e  forms. It i s  here  t h a t  tempera- 
t u re s  a r e  warm enough t o  permit the  presence of l i q u i d  water, 
and here  t h a t  complex organic  molecules, once formed, w i l l  be  
s h e l t e r e d  from the  s o l a r  UV r a d i a t i o n  t h a t  would tend t o  d i s -  
s o c i a t e  them. An atmospheric probe provides poss ib ly  the only 
means of i n v e s t i g a t i n g  t h i s  region of the  p l a n e t  d i r e c t l y  and 
of d e f i n i t i v e l y  l o c a t i n g  and i d e n t i f y i n g  these  b i o l o g i c a l l y  
i n t e r e s t i n g  e n t i t i e s .  Unfortunately, due t o  the  enormous g r a v i -  
t a t i o n a l  w e l l  and dense atmosphere of J u p i t e r  t he re  i s  a poss i -  
b i l i t y  of completely vaporizing an e n t r y  probe while i t  i s  s t i l l  
above the  clouds.  
The problem of g e t t i n g  an instrumented capsule  i n t o  the  
Jovian atmosphere has been considered i n  ASC Report No. S-4 
(Gi l l i gan  1967) .  While d i f f i c u l t ,  i t  appears t h a t  atmospheric 
e n t r y  w i l l  b e  f e a s i b l e  even with e x i s t i n g  technology. Advances 
i n  technology t h a t  may reasonably be expected by the  t i m e  such 
missions are a c t u a l l y  attempted should ensure t h e i r  success .  
Whether o r  n o t  t h e r e  i s  any point  i n  t r y i n g  t o  send a lander  
depends on the  p r e s e n t l y  unresolved ques t ion  of whether o r  n o t  
t h e r e  w i l l  be  anyth ing  on which t o  land! 
no c l e a r l y  def ined  su r face ,  however, i t  should b e  p o s s i b l e  f o r  
a descending s p a c e c r a f t  t o  reach an equi l ibr ium p o s i t i o n  n o t  
Even i f  J u p i t e r  has 
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un l ike  t h a t  achieved by Archimedes i n  h i s  bath.  We may thus 
cons ider  both types of spacecraf t ,  the  d i f f e r e n c e  between them 
being l a r g e l y  one of s u r v i v a b i l i t y  and the  r e s u l t i n g  amount of 
t i m e  a v a i l a b l e  f o r  observations.  
In  the case  of a non-survivable atmospheric probe, the 
a v a i l a b l e  t i m e  i s  extremely shor t .  Perhaps the most we can 
hope f o r  i s  an in s i t u  determination of genera l  condi t ions  
(temperature,  composition, e t c . )  below the cloud l aye r  and 
some d i r e c t  evidence about the presence o r  absence of a s t a b l e  
p l ane ta ry  sur face .  It would b e  q u i t e  i n t e r e s t i n g ,  f o r  example, 
i f  such a probe d e f i n i t e l y  detected water i n  r e l a t i v e l y  l a r g e  
q u a n t i t i e s ,  found temperatures i n  excess of 273"K, and repor ted  
an inc rease  i n  the  concentrat ion of organic  molecules wi th  in -  
c r e a s i n g  temperature, i .e .  , increas ing  pene t r a t ion  below the  
clouds.  It i s  doubtful  t h a t  more than t h i s  can be asked of a 
r a p i d l y  t r a v e l i n g ,  s p a r s e l y  instrumented probe en rou te  t o  
d e s t r u c t i o n .  Nevertheless,  i f  i t  were p o s s i b l e  t o  send i n  such 
a probe equipped wi th  a t e l e v i s i o n  camera ( i * e . ,  something 
similar t o  the Ranger spacec ra f t ) ,  some a d d i t i o n a l  d i r e c t  e v i -  
dence of l i f e  o r  p r e - l i f e  forms might be  obtained. 
It i s  the surv ivable  lander  (or  f l o a t e r )  t h a t  p r o v i d e s  
the most i n t e r e s t i n g  p o s s i b i l i t i e s ,  however. Here we may look 
toward the a t t e m p t s  c u r r e n t l y  being made t o  p repa re  instrumen- 
t a t i o n  f o r  the  b i o l o g i c a l  i nves t iga t ion  of Mars. In  t h e  case  
of J u p i t e r ,  w e  would need d i f f e r e n t  t y p e s  of b i o l o g i c a l  d e t e c t o r s  
s i n c e  we  w i l l  be searching  fo r  l i f e  i n  a reducing environment, 
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probably i n  an exceedingly pr imit ive s t a t e .  Nevertheless,  the  
technology f o r  remote de t ec t ion  of l i v i n g  organisms being 
developed f o r  use i n  the  inne r  s o l a r  sys tem w i l l  have app l i ca -  
t i o n  f o r  the  s tudy of J u p i t e r .  The important p o i n t  i s  t h a t  
a l l  o f  t h i s  technology presupposes the  deployment of a lander .  
Only i n  t h i s  ca se  i s  t h e r e  s u f f i c i e n t  t i m e  and an adequate 
freedom from modif icat ions o f  the immediate environment caused 
by the  probing v e h i c l e  t o  p e r m i t  a d e f i n i t i v e  i n v e s t i g a t i o n  of 
t h i s  environment f o r  the  presence of l i v i n g  organisms. 
5. CONCLUSIONS 
Man's primary expectat ion of f ind ing  extraterrestr ia l  
l i f e  i n  the  s o l a r  system has t r a d i t i o n a l l y  been focused on the  
inne r  p l ane t s ,  w i th  p a r t i c u l a r  a t t e n t i o n  paid t o  Mars. It  w a s  
f e l t  t h a t  the  ou te r  p l ane t s  were s o  far  from the  Sun t h a t  they 
would be too co ld  t o  suppor t  l i f e .  In  a d d i t i o n ,  what l i t t l e  
w a s  known about t h e i r  atmospheres suggested t h a t  they were com- 
posed of substances in imica l  t o  the s u r v i v a l  of l i f e  a s  w e  know 
i t .  
It has been demonstrated i n  t h i s  r e p o r t  t h a t  i n  t h e  
case of J u p i t e r  such pess imism i s  no longer  j u s t i f i e d .  There 
are now several l i n e s  of evidence t h a t  sugges t  the  presence of 
a temperate reg ion  i n  the  p l a n e t ' s  atmosphere below the  v i s i b l e  
cloud deck. There are sound t h e o r e t i c a l  arguments t h a t  are 
beginning t o  ga in  observa t iona l  support  which show t h a t  t he  
product ion of complex organic molecules i n  the  Jovian atmosphere 
i s  extremely l i k e l y .  F i n a l l y ,  from reasoning based on p resen t ly  
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observed cosmic abundances of the elements, i t  i s  poss ib l e  t o  
show t h a t  the  presence of r e l a t i v e l y  l a r g e  amounts of  water i n  
the atmospheric s t ra ta  below the clouds i s  v i r t u a l l y  c e r t a i n .  
These condi t ions  a r e  s t i l l  obviously ve ry  d i f f e r e n t  
from those e x i s t i n g  on the Earth a t  the  p re sen t  t i m e .  However, 
i f  one asks  what condi t ions  ex i s t ed  a t  the  t i m e  l i f e  began on 
the  Ear th ,  the answer i s  s u r p r i s i n g l y  similar t o  a d e s c r i p t i o n  
of the  p re sen t  Jovian environment. It thus seems very l i k e l y  
t h a t  one a t  l e a s t  has t h e  opportuni ty  t o  i n v e s t i g a t e  a pre-  
b i o l o g i c a l  environment t h a t  i s  charged wi th  a l l  the  p r e r e q u i s i t e s  
necessary  f o r  l i f e  t o  begin. I t  i s  then but a small s t e p  t o  
cons ider  the  p o s s i b i l i t y  t h a t  t h i s  v i t a l  t ransformation has i n  
f a c t  occurred and t h a t  p r imi t ive  micro-organisms of the type 
t h a t  f i r s t  appeared on the  Earth may now be p re sen t  on J u p i t e r .  
The exp lo ra t ion  of  t h i s  planet thus takes  on a new 
c h a r a c t e r  and should r ece ive  a d d i t i o n a l  a t t e n t i o n  from exo- 
b i o l o g i s t s .  This developing b io log ica l  i n t e r e s t  i n  J u p i t e r  
should a l s o  be  r e f l e c t e d  i n  mission planning. The most impor- 
t a n t  missions from t h i s  po in t  of view are those r e s u l t i n g  i n  
the deployment of surv ivable  atmospheric probes,  as these  
r e p r e s e n t  the most d i r e c t  way of explor ing  t h a t  p a r t  of the  
p l a n e t ' s  environment t h a t  i s  of g r e a t e s t  i n t e r e s t  b i o l o g i c a l l y ,  
the  r eg ion  below the clouds.  But before  t h i s  s t e p  i s  reached, 
much a d d i t i o n a l  information of va lue  i n  f u r t h e r  de f in ing  the  
b i o l o g i c a l  importance of J u p i t e r  can be  obtained from o r b i t e r s ,  
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f lybys ,  and from ground-based observat ions.  I t  i s  s t rong ly  
urged t h a t  such programs be undertaken. 
We are thus faced wi th  a cur ious  reversal i n  our think-  
ing  about the l i f e - suppor t ing  c a p a b i l i t i e s  of t he  p l ane t s .  
a d d i t i o n a l  information about t h e  atmospheres and su r faces  of 
Mars and Venus becomes a v a i l a b l e ,  these  p l ane t s  seem less 
favorable  loca t ions  f o r  l i f e  than previous d iscuss ions  of the 
problem had ind ica t ed .  It i s  thus r e f r e s h i n g  t o  f ind  t h a t  
J u p i t e r  appears t o  c o n s t i t u t e  another  goal  f o r  man's determined 
q u e s t  f o r  an a l i e n  biology. 
A s  
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